The nonenzymatic replication of primordial RNA is thought to have been a critical step in the origin of life. However, despite decades of effort, the poor rate and fidelity of model template copying reactions have thus far prevented an experimental demonstration of nonenzymatic RNA replication. The overall rate and fidelity of template copying depend, in part, on the affinity of free ribonucleotides to the RNA primer−template complex. We have now used 1 H NMR spectroscopy to directly measure the thermodynamic association constants, K a s, of the standard ribonucleotide monophosphates (rNMPs) to native RNA primer−template complexes. The binding affinities of rNMPs to duplexes with a complementary single-nucleotide overhang follow the order C > G > A > U. Notably, these monomers bind more strongly to RNA primer−template complexes than to the analogous DNA complexes. The relative binding affinities of the rNMPs for complementary RNA primer−template complexes are in good quantitative agreement with the predictions of a nearest-neighbor analysis. With respect to G:U wobble base-pairing, we find that the binding of rGMP to a primer−template complex with a 5′-U overhang is approximately 10-fold weaker than to the complementary 5′-C overhang. We also find that the binding of rGMP is only about 2-fold weaker than the binding of rAMP to 5′-U, consistent with the poor fidelity observed in the nonenzymatic copying of U residues in RNA templates. The accurate K a measurements for ribonucleotides obtained in this study will be useful for designing higher fidelity, more effective RNA replication systems.
■ INTRODUCTION
RNA has the dual capability of serving as a genetic polymer that mediates the inheritance of information and as a catalyst for chemical transformations and is therefore a promising candidate as an ancestral biopolymer. 1 In early protocells, prior to the emergence of an RNA replicase, nonenzymatic template-directed polymerization has been hypothesized to be responsible for RNA copying. 2−5 In this context, a template is a single-stranded RNA oligomer that, by Watson−Crick basepairing, directs the sequence-specific polymerization of ribonucleotides to form its complementary strand. This process is frequently modeled as a repeated series of single-nucleotide primer extension events. Each primer extension step is a supramolecular event that takes place at the 3′-end of a primer annealed to a template and is orchestrated by noncovalent binding interactions, particularly hydrogen bonding and nucleobase stacking.
A high rate of primer extension is critical for efficient RNA copying; this rate is affected initially by how tightly nucleotides bind to the complex formed by the template and the growing primer strand. Furthermore, the fidelity of primer extension is influenced by the affinity of nucleotides that form wobble base pairs as well as other mismatches, and the overall rate of polymerization decreases significantly as a result of mismatches that lead to stalling of primer extension. 6 Understanding the thermodynamics of the binding interactions between a ribonucleotide and an RNA primer−template complex is of fundamental importance toward elucidating the mechanism as well as optimizing the rates of prebiotic replication of RNA. However, quantitative physical measurements of mononucleotide binding thermodynamics, as opposed to values derived from reaction kinetics, are limited. Early work by Kanavarioti et al. examined the binding of multiple guanosine monomers on a polycytidylate template using differences in UV−vis absorption. 7 More recently, Richert and co-workers have reported thermodynamic investigations of the binding of nucleotides to modified oligonucleotide duplexes, 8 wherein they employed NMR spectroscopy to study the affinity of rGMP for a model RNA primer−template complex comprised of a hexaethylene glycol (HEG)-linked hairpin, 5′-CCAG(HEG)CUG-3′.
While these pioneering studies provided the physical measurements of rGMP binding to RNA templates, studies of the other ribonucleotides, of context effects, and of nonWatson−Crick binding interactions would be extremely useful in efforts to improve nonenzymatic RNA copying.
Here we present the results of the noncovalent binding of ribonucleotide monophosphates (rNMPs) to both RNA and DNA primer−template complexes in neutral aqueous media using 1 H NMR spectroscopy supplemented by molecular dynamics (MD) structural calculations. We measure the thermodynamic association constants, K a s, of nucleotide monomers for oligonucleotide duplexes by monitoring the resonances of the imino protons of all base-pairs in the duplexes, as the free monomer concentrations are increased incrementally. Our approach provides insight into nonenzymatic template-directed RNA polymerization by allowing the binding event to be separated from the subsequent chemical steps of primer extension. Figure S5 , SI). The 5′-singlenucleotide overhangs on either side of the duplexes, where "X" represents G, C, A, or U/T, serve as the template to which nucleotides can bind through hydrogen bonding, while the 3′-ends serve as the "primer" providing a stacking surface that enhances nucleotide interactions. The C 2 axis of symmetry in these palindromic duplexes not only allows a straightforward interpretation of the NMR spectra of the imino protons but also enables the use of a simple isotherm model 9 to measure the binding constants of the titrated monomers (see SI for mathematical derivations).
Characterization of the Duplexes. We began by carrying out a detailed structural characterization of all oligonucleotide duplexes that were used for NMR titration experiments. As a representative example, here we focus on the RNA duplex obtained from the 5′-UCAAUAUUG-3′ sequence (Figures 1b  and 2) . A qualitative analysis to confirm its self-hybridization and to determine the type of helical geometry was performed by variable-temperature CD spectroscopy. The CD spectra (Figure 2a ) acquired over a temperature range of 4−80°C revealed the characteristic features of a global A-form helical geometry, namely a small negative peak at ca. 245 nm and a large positive peak at ca. 265 nm. 10 Likewise, the CD spectra for all other RNA duplexes were consistent with global A-form conformations ( Figure S1 , SI). As expected, the CD spectra for all DNA duplexes ( Figure S2 , SI) were consistent with the Bform conformation. 11 We then performed MD simulations to derive energy-minimized models of the primer−template duplexes representing both the free and monomer-bound Energy-minimized models of the A-form 5′-UCAAUAUUG-3′ RNA duplex in both free and rAMP-bound states. All components were solvated in water boxes, neutralized by Na + , and minimized using the program NAMD 2.9 with CHARMM 36 parameter set (see Methods for further details on the modeling and SI for other minimized systems).
states. For all CD spectra and structural MD models, see Figures S1−S2 and S27−S34 in the SI, respectively. In order to evaluate the thermodynamic parameters associated with duplex formation under identical conditions used for the NMR spectroscopic titrations, we obtained a melting profile (Figure 2b , respectively. These parameters allowed us to calculate the concentration of free and duplexed RNA at a total strand concentration of 3 mM at 12 13 and 13 and 15 ppm for A:U/T pairs. 13, 14 In the duplex formed from 5′-UCAAUAUUG-3′, the magnetically nonequivalent imino protons U5(H3), U7(H3), U8(H3), and G9(H1) resonate as expected in the region from 12 to 15 ppm (Figure 2c ). In order to assign these resonances, we relied on a combination of variable-temperature ( Figure 2d ) and 1 H− 1 H 2D NOESY NMR techniques (Figure 2e) . We corroborated the assignment of the most upfield signal (red) to G9(H1) based on its greater line width compared to the other resonances, as expected from the fact that the terminal base pair allows faster G9(H1) exchange with H 2 O on the time scale of the NMR experiment. 15 NMR Measurements of rNMP Binding. We analyzed the change in the chemical shift (Δδ) and the line width of the duplex imino proton resonances, as we gradually increased the concentration of the free nucleotide monomers. Duplex solutions were titrated with ribonucleotide monomer solutions (up to 250 mM), which contained the same concentration of the duplex (1.5 mM). The total cation (Na + ) concentration (500 mM) was also maintained at a constant value in a similar manner (Methods, SI). All titration experiments were carried out using 90% H 2 O/10% D 2 O solutions of the rNMP and RNA or DNA duplex. Spectra were recorded using a Watergate flipback suppression 16, 17 pulse sequence to obtain the signals of the imino protons while effectively suppressing the bulk water peak (Figure 2c ).
Binding of rAMP to the 5′-UCAAUAUUG-3′ Primer− Template Complex. We monitored the 1 H NMR spectra of the 5′-U overhang RNA duplex ( Figure 3a ) as we titrated rAMP from 0 to 250 mM. No new signals in the 12−15 ppm region emerged throughout the titration, while the G9(H1) resonance (red) moved upfield from ∼12.4 ppm (no monomer present) to 12.0 ppm (near saturation of the duplex). This upfield shift is presumably due to the fact that G9(H1) becomes magnetically shielded by the ring current of adenine upon rAMP binding (see MD predicted structures in Figure  S29 , SI). This aromatic ring-current effect decreases, as expected, upon moving away from the binding site, such that the second strongest change in the chemical shift is exhibited by U8(H3) (green), and the two most internal protons, U5(H3) (yellow) and U7(H3) (blue), show the smallest changes, which are likely due to subtle alterations in conformation of the duplex upon binding. Significantly, δ G9(H1) changes hyperbolically as a function of concentration of rAMP. Together, these observations are consistent with the specific binding of the rAMP monomers to both of the 5′-U overhangs of the duplex, a process that is in fast equilibrium on the NMR time scale. In order to confirm the 2:1 monomerduplex binding stoichiometry, we performed an rAMP titration by continuous variation 18 on the analogous DNA sequence, 5′-d(TCAATATTG)-3′, which shows similar hyperbolic behavior in terms of the Δδ G9(H1) . We used a DNA duplex for this experiment because of the large amounts of material required.
We maintained a constant total concentration of the DNA duplex and rAMP and monitored the chemical shift of G9(H1) while varying the ratio of these two species. We constructed a Job plot from these data using Δδ G9(H1) and the mole fraction of the duplex (X dupl ). We observed a maximum in the Job plot at a value of X = 0.35. This value of X, which is related to the stoichiometric ratio n by the formula X = 1/(1 + n), is consistent with a 2:1 binding stoichiometry of rAMP to the duplex ( Figure S23 ).
We globally fit the chemical shift values of all four imino proton resonances to two binding isotherm models, which we have called "statistical" and "interacting", respectively ( Figure  3b ). The statistical model assumes that the two binding sites are identical and noninteracting. In this mechanism, the two stepwise macroscopic binding constants K 1 and K 2 (also see Figure 1b ) are related to each other statistically through an intrinsic binding constant
. This statistical model has the same mathematical form as a single binding site isotherm. The value of K a using this model was determined to be 16(1) M −1 for the single titration experiment shown in Figure 3a . On the other hand, the interacting model places no constraints on the macroscopic binding constants K 1 and K 2 in order to account for the possibility that the binding of the first monomer has an effect on the binding of the second. The fit to the statistical isotherm gave identical results within error to the fit with the interacting model, which yielded values of K 1 and K 2 as 32(1) and 8(1) , respectively. These results are likely explained by the supposition that the binding of the first rAMP does not significantly alter the local conformation of the second binding site on the other end of the duplex. Nearly all of the fits performed on the data obtained from the other RNA and DNA duplexes yielded either indistinguishable results with respect to the values determined from these two binding models ( Figure  3b ) or only slightly deviated from statistical behavior. The most significant exception to statistical binding was observed in the case of the 3′-C/5′-G RNA primer−template complex ( Figure  5a ). For a single titration experiment, K 1 and K 2 were measured to be 42(4) and 30(5) M −1 , respectively, which suggests that a slight amount of positive cooperativity is at play. This positive cooperativity may be the result of changes in conformation of the duplex that occur after the first rCMP binds, which enhances the binding of the second. Nevertheless, the value of √K 1 K 2 , 35(3) M −1 from the interacting model, is almost the same as value of K a , 29(1) M −1 , lying just outside of the errors from the fits.
Summary of Monomer Binding for RNA Duplexes. Figure 4 shows a compilation of the results of the single titration experiments carried out on other all-RNA systems, and Table 1 displays a summary of the thermodynamic binding properties measured for monomers including the binding constants K a (statistical model), the change in Gibbs free energy ΔG, maximum change in the chemical shift of the Gimino proton Δδ maxG9(H1) , and the R 2 values obtained from the fits. All values reported in Table 1 represent the averages obtained over three titration experiments, and the associated errors are those calculated from the sample standard deviation, unless otherwise noted. The RNA duplexes with 5′-U, -C and -G overhangs showed hyperbolic Δδ G9(H1) when the complementary monomer was titrated. We obtained a K a of 52(5) M −1 (average of three experiments: Table 1 , entry 1) for rGMP (in 500 mM NaCl, pH 7, 12°C) binding to the 5′-C overhang of the duplex formed by 5′-CCAAUAUUG-3′ (single experiment: Figure 4a ). When we measured the binding of 2′-deoxyguanosine monophosphate (dGMP) to the duplex formed by 5′-CCAAUAUUG-3′, we obtained a K a of 41(5) M −1 (Table 1 , entry 5), slightly weaker than that of rGMP for the same template. Lastly, we found that rCMP binding to the 5′-G overhang (Figure 4b ) exhibited a K a of 66(15) M −1 (Table 1, entry 2). An exception to those studied above was of the titration performed with UMP (Figure 4c ), in which the binding constant was too small to be reliably quantified.
In order to examine possible effects of unbound monomer on the chemical environment of a duplex, we carried out a titration of rCMP into the blunt-ended duplex formed from 5′-CAAUAUUG-3′ RNA, which does not possess any monomer binding site (Figure 4d ). Only modest changes in the chemical shifts of all four imino proton resonances were observed, ranging from 0.01 to 0.02 ppm, indicating that little to no interaction takes place between rCMP and the fully paired double helix. Notably, the G8(H1) resonance undergoes significant line broadening as the concentration of rCMP increases. This contrasts with the line sharpening of the analogous G9(H1) (cf. Figure 4b ) observed when rCMP is titrated into a solution of the 5′-GCAAUAUUG-3′ duplex. This control experiment suggests that excess phosphate monoester likely acts as a proton acceptor and facilitates imino proton exchange, 15 whereas monomer binding to the overhang slows this process down.
Summary of Monomer Binding for DNA Duplexes. The binding constants of rGMP, rCMP and rAMP to the analogous DNA primer−template complexes are all less than their RNA counterparts [K a of 12(2), 13(3) and 7(2) M −1 , respectively, Table 1 , entries 6−8]. See the SI for the titration data for the DNA duplexes. In addition to the titration of free ribonucleotides, we also studied the binding affinity of dGMP toward the 5′-C overhang DNA duplex (Table 1 , entry 10). Under the same conditions (pH 7, 12°C), the K a of dGMP was measured as 13(2) M −1 , which is the same within error as that obtained for rGMP, 12(2) M −1 .
Context Effects on Monomer
Binding. In addition to the titration studies described above, we carried out experiments to ascertain the influence of sequence context on binding affinity. Such context effects would presumably be mediated largely by differences in stacking interactions but could also be affected by sequence dependent changes in helical geometry. As a preliminary effort to measure the significance of such potential effects, we measured the K a of rCMP for 5′-G overhang RNA and DNA duplexes with a primer terminated by a 3′-C instead of a 3′-G (Figure 5a,b) . The binding constant for rCMP to 5′-GGAAUAUUC-3′ RNA was measured to be 22 (7) ] for 5′-GCAAUAUUG-3′. In the case of the 5′-d(GGAATATTC)-3′ DNA duplex, the K a value of rCMP (Table 1, entry 2) was too small to measure, as no hyperbolic change was observed in δ G2(H1) .
G:U Wobble Base Pairing. Finally, we tested the strength of the G:U wobble base pair, the major source of nonenzymatic replication error, by performing a titration of rGMP into a solution of 5′-UCAAUAUUG-3′ RNA duplex (Figure 5c ). The binding constant for rGMP was estimated to be 6 M −1 (Table  1 , entry 13), a value which is approaching the lower limit of our ability to quantify reliably. Nevertheless, this value is only about two times less than the binding constant for rAMP to the same template (Table 1, 
■ DISCUSSION
Our titration experiments show that the noncovalent binding affinities between rNMPs and RNA primer−template complexes follow the order of C > G > A > U. Our initial expectation, based upon primer extension experiments, was that rGMP would be the tightest binder instead of rCMP. The rather surprising result that rCMP actually binds more tightly motivated us to carry-out an analysis relying on well-established nearest-neighbor (NN) models 19 in order to gain additional insight into the parameters governing the binding event. In our analysis, we first calculated the duplex energies of the "fulllength" double-stranded 10-mers, which serve as models for the noncovalently bound rNMP−RNA complexes. We next calculated the duplex energies of the RNA complexes with rNMP-free overhangs that were used during the titration experiments. The differences in duplex energies between the full-length and dangling-end duplexes are plotted ( Figure 6 ) along with the corresponding experimentally determined rNMP binding energies. The relative order of the experimental binding energies is in good agreement with those predicted from the NN analysis, i.e., C > G > A > U. The NN analysis also accurately predicts that the energy of binding for rCMP with the 5′-GGAAUAUUC-3′ duplex (CMP* in Figure 6 ) lies in between those for rAMP and rGMP. The values predicted by the NN analysis are independent of the core sequence and only depend on the identities of the dangling-end and terminal base pairs (for more details, see S24 in SI). The most significant difference between the experimental and predicted NN binding energies is that the predicted NN energies are all approximately 1.5 kcal mol −1 more negative than the experimental values. As a consequence of the fact that the NN analysis does not take into consideration that the rNMP monomers are only noncovalently bound, the predicted energies should be expected to be more negative than what is observed. We hypothesize that this roughly constant difference of 1.5 kcal mol −1 is due to the negative change in entropy related to losses in translational and rotational degrees of freedom that occur upon rNMP monomer binding, and which are approximately the same for each monomer. Extrapolating this 1.5 kcal mol −1 difference in the case of UMP allows us to estimate the binding energy to be on the order of 0.5 kcal mol −1 , corresponding to a K a of ∼2 M −1 at 12°C, a value which is below our ability to quantify reliably under our experimental setup.
The excellent agreement between the measured binding energies of the rNMPs to the RNA primer−template complexes with the values predicted from the NN analyses suggests that rNMP binding to RNA is subject to similar structural constraints to those that determine duplex stability. Duplex stability is dominated 20 by hydrogen bonding and basestacking, and these short-range interactions depend mostly on the identities of adjacent nucleotides. The differences in binding energy between rCMP and rGMP, for example, are primarily the result of the greater stability of the GC/CG (ΔG = −4.25 kcal mol The larger binding constant of rCMP contrasts with the observations reported by Wu and Orgel 4 using hairpin templates that the 5′-phosphor-2-methylimidazolide of rGMP (2-MeImpG) has better primer extension reactivity than that of rCMP (2-MeImpC). One possible explanation may be that 2-MeImpG is more tightly bound than 2-MeImpC in the presence of Mg 2+ , conditions under which the majority of template-directed primer extensions take place. Our data on rGMP and rCMP binding may differ from the binding of the corresponding 2-methylimidazolides. Affinity, however, is not the only factor affecting the rate of template-directed polymerization. For example, it could be that once bound to a primer−template complex, 2-MeImpG is sterically better positioned to react than is 2-MeImpC, giving rise to a larger rate constant. Under conditions in which the primer−template complex is fully occupied with activated monomers, a larger rate constant for 2-MeImpG would lead to a faster primer extension regardless of the value of their respective noncovalent binding constants, K a . The direct experimental measurement of the binding of 2-methylimidazole-activated monomers is difficult since these compounds hydrolyze on the time scale of the NMR titration experiments. We are therefore currently exploring the possibility of measuring the binding of nonhydrolyzable analogs of the activated nucleotides.
When comparing the rNMP binding energies for the RNA versus the DNA primer−template complexes, the contribution of stacking energy at the primer−template binding site is likely to be affected by the backbone preorganization and helical parameters of the duplex, 21 which are significantly different for A-form RNA and B-form DNA helices. We hypothesize that the local geometry of the 5′-overhangs, which depend primarily on whether the primer−template complexes are in the A-or Bform conformations, is the dominant factor that leads to the differences in binding energies observed between RNA and DNA. The structural models obtained from MD calculations (see Figures S27−S34 , SI) lend support to this hypothesis in that these calculations do indeed yield significant differences in the local geometry of the rNMP monomers depending on whether they are bound to A-form RNA or B-form DNA. One of the key differences may be the greater degree of interstrand base-stacking present in A-form RNA in comparison to B-form DNA, a structural feature which is often considered important 20 in providing at least a partial explanation for the greater duplex stability of RNA.
The differences in binding energy between rGMP and dGMP when binding to either the RNA or DNA primer−template complexes are likely accounted for by small differences in the intrinsic conformational preferences of these monomers. The ] for the RNA analogs. We have shown previously 22 that both dGMP and rGMP bind to DNA primer−template complexes in the 2′-endo sugar pucker conformation, which likely explains why their binding constants are essentially the same within error. In the case of binding to an RNA primer− template complex, rGMP was observed to make a switch to the 3′-endo conformation, while dGMP stayed in the 2′-endo conformation. We hypothesize that the preferred 2′-endo sugar puckering of the bound dGMP gives rise to the slightly smaller binding energy compared to that of rGMP observed herein.
The result for the G:U mismatch experiment shows that the binding affinity of rGMP to the 5′-U RNA duplex is comparable to that of rAMP to the same duplex. This finding is in agreement with the duplex stability experiments carried out for oligoribonucleotides 23 with G:U mismatches and points to the future challenge of devising a way to improve the selectivity of rAMP over rGMP for a U template in order to avoid an inevitable error catastrophe. 24, 25 The noncovalent binding constant of rGMP that we measured for 5′-CCAAUAUUG-3′ [52(5) M
−1 ] appears to be slightly lower than that (71 M −1 ) reported by Richert et al. employing the 5′-CCAG(HEG)CUG-3′ RNA hairpin in the presence of Mg 2+ (2 mM hairpin, 200 mM Na-phosphate, pH 7.0, 400 mM NaCl, 80 mM MgCl 2 , 20°C). 8 This difference might not be surprising given that no divalent cations (e.g., Mg 2+ ) are present in our titration conditions. Similarly, the K a of 6 M −1 that we measured for a rG:U wobble base-pair is slightly weaker than that (10 M ), where the titrations of dGMP, dCMP, and TMP were carried out with DNA hairpins terminated by a 3′-A instead of a 3′-G. In contrast, our measured binding strength of rAMP is always lower than that of rCMP for both the RNA (14 vs 66 M ). These differences could in part be due to the presence of magnesium in the experiments performed by Richert et al., or alternatively could reflect structural differences between our symmetrical native duplexes and their short HEG-linked hairpin duplexes. Further work will be required to fully assess the context dependence of monomer binding to RNA and DNA templates.
■ CONCLUSION
In summary, we have presented results from an NMR-based quantitative approach to the study of the noncovalent interactions between ribonucleotide monophosphates and primer−template complexes, through which we obtained the thermodynamic binding constants, K a s, of the ribonucleotide monomers. Application of solution-phase techniques common for supramolecular and host−guest chemistry, in particular NMR spectroscopy, played an important role in developing the template-directed syntheses that led to a variety of complex macromolecular structures. 26, 27 Accordingly, a thorough understanding of monomer−duplex binding interactions will provide a strong foundation 28 on which to optimize the templatedirected polymerization of RNA. These same techniques can also be applied to experiments with structurally alternative polymers 29 that may have played a role in the early evolution of life. The higher affinity of monomers for RNA primer− template complexes than for the corresponding DNA complexes may explain in part the advantage of RNA over DNA templates in nonenzymatic replication. In fact, similar arguments have been made through qualitative studies showing how the ribonucleotide monomers adapt more productive conformations upon binding to RNA templates. 22, 30 We are currently extending our 1 H NMR experiments to the measurement of binding kinetics, binding affinity of higher order nucleotides (dimers and trimers), and, in the case of the templates with multiple binding sites, the effect of cooperativity on monomer binding.
■ METHODS
Preparation of the Oligonucleotides and NMR Experiments. RNA duplexes were synthesized by standard solid-phase phosphoramidite chemistry (for detailed procedures see the SI). DNA templates were purchased from Integrated DNA Technologies. Ribonucleotide monomers were purchased from Sigma-Aldrich as disodium salts. Each oligonucleotide duplex was titrated with the selected ribonucleotide monophosphate (up to ca. 250 mM) dissolved in a 9:1 mixture of H 2 O/D 2 O. Monomer solutions contained the same concentration of the oligonucleotide duplex (1.5 mM) in order to maintain a constant duplex concentration throughout the titration experiments. This was also the case for the total cation (Na + ) concentration (500 mM). The pH of both duplex and monomer solutions was adjusted to 7.0 (±0.1) with either NaOH or HCl, and the NMR spectra were acquired at 12°C
, unless otherwise noted. Monomer titration, pH, and temperature gradient experiments were performed on a Varian INOVA 400 MHz NMR spectrometer. Initial concentrations of the duplex and monomer were determined by UV (NanoDrop) measurements and confirmed by 31 P NMR (161 MHz) spectroscopy using a potassium sodium phosphate buffer concentrate (Supelco), which was applied using a coaxial NMR tube. The latter technique was also used to measure monomer concentrations throughout the titrations.
Theoretical Calculations. For each sequence, an ideal A-form 10-mer RNA and B-form 10-mer DNA duplex generated by COOT 31 was used to model both the free and monomer-bound states of the 9-mer duplex with single-nucleotide 5′-overhangs at both ends. Two systems were modeled for the monomer-bound states, each containing two dianionic nucleoside monophosphates. All systems were solvated in ca. 48 × 64 × 48 Å 3 TIP3P 32 water boxes and neutralized by Na + using VMD. 33 The final systems contain ca. 2.8 × 10 4 atoms including nucleic acids, water, and ions.
These systems were minimized using the program NAMD 2.9 34 with a CHARMM 36 parameter set. 35, 36 All simulations were performed using periodic boundary conditions. The bonded, nonbonded, and electrostatic interactions were calculated at time steps of 1, 2, and 4 fs, respectively. The switching (cutoff) distance for nonbonded interaction was set at 10 (12) Å. To compute long-range electrostatic interactions, the particle mesh Ewald method 37 with a grid density of at least 1 Å −3 was used. A four-step minimization protocol similar to that used by Eargle et al. 38 was applied. In the first 10,000 steps of minimization, all heavy atoms were fixed. In the next 20,000 steps, water molecules were freed. Ions, nucleobases, and part of the sugar were then freed while keeping the nucleic acid backbone fixed for the next 20,000 steps. Finally, everything was set free for the last 30,000 steps of minimization.
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